INTRODUCTION
============

Ribosomes are highly complex ubiquitous ribonucleoparticles that are responsible for translating the mRNA into proteins ([@B1]). In all cells, ribosomes are composed of two ribosomal subunits (r-subunits). Recently, the structural complexity of the eubacterial and archaeal ribosomes has been obtained at the atomic resolution ([@B2]). Molecular models of eukaryotic ribosomes have also been documented for yeast and mammals. Although the resolution of these models is much lower than that from the crystals, its analysis reveals that eukaryotic ribosomes are more complex but display considerable structural similarity to their prokaryotic counterparts ([@B3],[@B4]).

Ribosome biogenesis is a complicated pathway that requires the coordinated assembly of the ribosomal RNAs (16S, 5S and 23S rRNAs in prokaryotes, 18S, 5S, 5.8S and 25S rRNAs in eukaryotes) with the r-proteins (about 50 different proteins in prokaryotes and about 80 in eukaryotes) to yield the two r-subunits. In eukaryotes, this takes place largely within the nucleolus ([@B5],[@B6]) although late steps occur in the nucleoplasm and even in the cytoplasm ([@B5],[@B7],[@B8]). Ribosome biogenesis is evolutionary conserved throughout eukaryotes ([@B9]) but it has been studied most extensively in the yeast *Saccharomyces cerevisiae* ([@B10],[@B11]). In the yeast nucleolus, a large precursor rRNA (pre-rRNA) encoding the mature 18S, 5.8S and 25S rRNAs is synthesized by RNA polymerase I whereas a pre-5S is independently transcribed by RNA polymerase III ([@B12]). The pre-rRNA processing pathway is now almost fully known and requires a series of sequential endo- and exonucleolytic reactions that are mediated by endo- and exonucleases (for details, see [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). Pre-rRNA maturation (processing and rRNA modification) and the assembly of pre-rRNA with r-proteins occur concomitantly, and the overall process requires about 200 protein factors and 80 small nucleolar RNAs (snoRNAs) ([@B13; @B14; @B15; @B16]). These factors likely assure the needed speed, accuracy and directionality of the ribosome assembly process ([@B17]). The consequences for ribosome synthesis due to loss-of-function mutations in most of these factors have been well described ([@B5],[@B10],[@B11]). Moreover, proteomic approaches have revealed several distinct, successive pre-ribosomal particles. The study of the RNA and protein composition of different purified pre-ribosomal complexes is consistent with the presence of distinct intermediates that move from the nucleolus to the nucleoplasm and from there to the cytoplasm ([@B15],[@B18; @B19; @B20; @B21; @B22; @B23; @B24; @B25]). These intermediates are termed, according to their position in the ribosome assembly pathway and consistently with pioneer work by sucrose gradient analyses ([@B26]), 90S pre-ribosomal particles, nuclear and cytoplasmic 43S pre-ribosomal particles and early, medium, late and cytoplasmic pre-60S r-particles ([@B15],[@B16],[@B27]) (for an outline, see [Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). Apparently, the complexity of the different pre-ribosomal particles decreases during their maturation to r-subunits while concomitant structural rearrangements allow the stable incorporation of all r-proteins ([@B15],[@B16],[@B28]). Insights into the approximate timing of association and dissociation of some of the protein ribosome biogenesis factors have been obtained by studying the composition of distinct purified pre-60S complexes from wild-type ([@B15],[@B17]) and mutant strains blocked at early, medium or late nuclear steps of ribosome maturation \[e.g. see ([@B29],[@B30]) and references therein\].

It has also long been clear that both the pre-rRNAs (transcribed spacers and mature rRNA sequences) and r-proteins are essential for the pre-rRNA processing events and hence for eukaryotic ribosome synthesis ([@B31; @B32; @B33]). A systematic analysis of the role of yeast 40S r-proteins in maturation and transport of 43S pre-ribosomal particles has been performed ([@B34]). Recently, an equivalent approach has allowed the analyses of the role of 26 essential yeast 60S r-proteins ([@B35]). Before this analysis, the contribution to ribosome biogenesis of only few 60S r-proteins has been studied in detail ([@B36; @B37; @B38; @B39; @B40; @B41]). Moreover, the course of the assembly of the r-proteins has not been reported with sufficient precision, mainly due to the fact that r-proteins are common contaminants in purified complexes, therefore it has been difficult to distinguish between unspecific and specific association of r-proteins to pre-ribosomal particles ([@B42],[@B43]). Low resolution pictures of early and late r-protein assembly has been obtained by monitoring the kinetics of *in vivo* incorporation of labelled r-proteins into pre-ribosomal particles and cytoplasmic ribosomes in both yeast and HeLa cells ([@B44],[@B45]). More recent investigations have analysed the incorporation of tagged yeast 40S r-proteins into 90S and 43S pre-ribosomal particles ([@B46]), which have allowed the identification of some principles governing the assembly of the 40S r-subunits and the establishment of a certain parallelism between the *in vivo* assembly of 40S r-subunits and the *in vitro* reconstitution data of bacterial 30S r-subunits ([@B46]). Unfortunately, an equivalent analysis of the incorporation of yeast 60S r-proteins into pre-ribosomal particles is still missing.

We are interested in understanding the contribution of specific 60S r-proteins to ribosome biogenesis ([@B38],[@B41]). In this study, we have undertaken the functional analysis of yeast L35 in ribosome synthesis. Eukaryotic L35 shares a notable sequence identity with archaeal and eubacterial L29, although L35 carries a specific C-terminal extension (Ribosomal Protein Gene Database, <http://ribosome.med.miyazaki-u.ac.jp/> and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). L35 is located close to L25 and L26, thus flanking the nascent peptide exit tunnel ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)) in a similar fashion as their respective archaeal and eubacterial L29, L23 and L24 counterparts ([@B47]). L35 together with L25 may function as a general docking site for nascent polypeptide chain-associated factors, such as N-terminal processing and modification enzymes, chaperones, the signal recognition particle (SRP) and the Sec61/translocon complex ([@B48],[@B49]). Regarding ribosome synthesis, it has been suggested by polysome profile analyses that L35 is required for 60S r-subunit accumulation ([@B50]). Our results show that L35 is indeed required for the normal accumulation of 60S r-subunit since defective production of L35 causes defects in pre-rRNA processing of 27SA~3~ and 27SB~L/S~ and in intra-nuclear transport and nuclear export of pre-60S r-particles. Moreover, we show that L35 assembles in the nucle(ol)us and stably interacts with 27S pre-rRNAs, therefore suggesting that it is added early in the assembly pathway. It has been suggested that zebrafish *RPL35*, as many other r-protein genes, acts as an haploinsufficient tumor suppressor by an as yet unknown mechanism ([@B51]). In this study, we also show that depletion of L35 leads to a mild delay in the G1 phase of the cell cycle.

MATERIALS AND METHODS
=====================

Strains and microbiological methods
-----------------------------------

The yeast strains used in this study, which are derivatives of strain BY4741 ([@B52]), are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1). Strains RBY138 and RBY139 are haploid segregants of Y23889 and Y23834 (Euroscarf), respectively. Growth and handling of yeast and standard media were according to established procedures ([@B53],[@B54]). Antibiotic-containing plates were prepared by adding the drugs from stock solutions into 2% rich glucose medium (YPD) before pouring the plates. Tetrad dissections were performed using a Singer MS micromanipulator. *Escherichia coli* DH5α strain was used for common cloning and propagation of plasmids ([@B55]).

Plasmids
--------

The relevant information on the construction of the different plasmids used in this study can be found in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1). The sequences of oligonucleotides used for the construction of plasmids are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1). Other plasmids used are described throughout the text. All plasmids used in this study are listed in [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1).

Construction of a *GAL::RPL35* allele and *in vivo* depletion of L35
--------------------------------------------------------------------

RBY138 \[YCplac33-RPL35A\] was crossed to RBY168 \[YCplac111\], the resulting diploid was sporulated and tetrads were dissected. G418-resistant spore clones from at least three complete non-parental ditypes were transformed with pAS24-RPL35A, which allows expression of N-terminally HA-tagged L35 under the control of a *GAL* promoter. Transformants were restreaked on synthetic 2% galactose (SGal)-Leu plates and subjected to plasmid shuffling on 5-FOA-containing SGal plates at 30°C. One of these clones, RBY175 \[pAS24-RPL35A\], also named the *GAL::RPL35* strain, was used for further work.

For *in vivo* depletion of L35, the *GAL::RPL35* strain was grown in 2% rich galactose medium (YPGal) at 30°C until mid-exponential phase (OD~600~ = 0.8), and then, harvested, washed and transferred to YPD. Cell growth was monitored over a period of 18 h, during which the cultures were regularly diluted into fresh YPD medium. As control, the wild-type BY4741 strain was used. At different time points, samples were collected to perform protein and RNA extractions, and polysome analysis.

Sucrose gradient centrifugation
-------------------------------

Polysome and r-subunit preparations and analyses were performed as previously described ([@B56]) using an ISCO UA-6 system with continuous monitoring at A~254~.

Protein extractions and western blotting analyses
-------------------------------------------------

Total yeast protein extracts were prepared and analysed by western blotting according to standard procedures ([@B55]). The rabbit polyclonal anti-L35 ([@B57]), anti-L1 ([@B58]) and anti-S8 ([@B59]) antibodies were gifts from M. Seedorf, F. Lacroute and G. Dieci, respectively.

RNA extractions, northern hybridization and primer extension analyses
---------------------------------------------------------------------

RNA extraction, northern hybridization and primer extension analyses were carried out according to standard procedures ([@B53],[@B60]). In all experiments, RNA was extracted from samples corresponding to 10 OD~600~ units of exponentially grown cells. Equal amounts of total RNA was loaded on gels or used for primer extension reactions ([@B60]). The sequences of oligonucleotides used for northern hybridization and primer extension analyses have been described previously ([@B61]) and are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1). Phosphorimager analysis was performed in a FLA-5100 imaging system (Fujiﬁlm) at the Biology Service (CITIUS) from the University of Seville.

Pulse-chase analysis
--------------------

Pulse-chase labeling of pre-rRNA was performed exactly as described previously ([@B56]), using 100 µCi of \[[@B5],6-^3^H\]uracil (Perkin Elmer; 45--50 Ci/mmol) per 40 OD~600~ of yeast cells. Total RNA was extracted as above and 20 000 cpm per RNA sample was loaded on gels and analysed as described in ([@B56]).

Fluorescence microscopy
-----------------------

To test pre-ribosomal particle export, the appropriate strains were co-transformed with a pRS316 plasmid harboring a L25-eGFP reporter ([@B62]) or a S2-eGFP reporter ([@B59]) and a pRS413 plasmid expressing the nucleolar marker Nop1-DsRed \[([@B62]); this work\]. Then, several transformants were grown to mid-log phase in selective liquid medium, washed, and resuspended in PBS buffer (140 mM NaCl, 8 mM Na~2~HPO~4~, 1.5 mM KH~2~PO~4~, 2.75 mM KCl, pH 7.3). When needed, cells were transformed with either the pRS316-*GAL-nmd3Δ100* or the pRS316-*GAL*-NMD3FL plasmid (gifts from A. Jacobson), which harbour a dominant-negative truncation or a wild-type allele of the *NMD3* gene, respectively, under the control of an inducible *GAL* promoter ([@B63]). Acquisition was done in a Leica DMR microscope equipped with a DC camera following the instructions of the manufacturer. Digital images were processed with Adobe Photoshop 7.0.

Leptomycin B (LMB) experiments were carried out as described ([@B64]) with slight modifications ([@B38]); briefly, cells from the AJY1539 strain (a gift from A.W. Johnson) were co-transformed with the pUR34-NLS plasmid (gift from M. Corte-Real), which carried the red fluorescent protein DsRed fused to a nuclear localization signal (NLS) ([@B65]) and either pRS315-RPL25-eGFP or YCplac111-RPL35B-eGFP. Transfromants were grown at 30°C in the appropriate synthetic 2% glucose (SD) medium to an OD~600~ of about 0.6. Then, cells from 2 ml culture of selected transformants were concentrated 2-fold in fresh medium and split. LMB (Alexis Biochemicals) in 20% ethanol or 20% ethanol vehicle was added to the cultures at a final concentration of 200 ng/ml LMB-0.16% ethanol or 0.16% ethanol, respectively. Cultures were incubated for 1--3 h and then cells were inspected by fluorescence microscopy as above.

Cell morphology was studied under the brightfield microscope with cells fixed with 70% ethanol whose nuclei where stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) at 0.5 µg/ml ([@B54]).

Affinity purification of L35B-eGFP protein
------------------------------------------

GFP-tagged L35B protein was precipitated following a one-step GFP-Trap®\_A procedure slightly modified from that suggested in the manufacturer's instructions (Chromotek). Briefly, 50 ml of GFP-tagged or untagged negative control cells were grown in SD-Ura medium to an OD~600~ of 0.8, washed with cold water, harvested and concentrated in 500 µl of ice-cold lysis buffer (20 mM Tris--HCl, pH 7.5; 1.5 mM MgCl~2~; 150 mM CH~3~COOK; 1 mM DTT; 0.2% Triton X-100) containing a protease inhibitor cocktail (Complete, Roche). Cells were disrupted by vigurous shaking with glass beads in a Fastprep®-24 (MP Biomedicals) at 4°C and total cell extracts were obtained by centrifugation in a microfuge at the maximun speed (*ca.* 16100× *g*) for 15 min at 4°C. To each of the resulting supernatants 50 µl of GFP-Trap®\_A beads, equilibrated with the same buffer, were added and the mixture was incubated for 2 h at 4°C with end-over-end tube rotation. After incubation, the beads were extensively washed three times with 5 ml of the same buffer at 4°C and finally collected. RNA was extracted from the beads and the total cell extracts as exactly described in ([@B66]), and the extracted RNA was analysed by northern blotting as above.

Flow cytometry
--------------

Cells grown in logarithmic phase to an OD~600~ of 0.1--0.3 were harvested, fixed with 70% ethanol and DNA was stained with propidium iodine as previously described ([@B67]). Stained cells were analysed using a Becton Dickinson FACScan flow cytometer using CELL QUEST software packages to collect and analyse the data (BD Biosciences).

RESULTS
=======

Strains for the phenotypic analysis of the *RPL35* genes
--------------------------------------------------------

Yeast L35 is an essential small r-protein of 120 amino acids with a predicted mass of 13.9 kDa and a predicted basic pI of 11.36 (*Saccharomyces* Genome Database, [www.yeastgenome.org](www.yeastgenome.org)). As most yeast r-protein genes ([@B33],[@B68],[@B69]), L35 is encoded by two paralogous genes, *RPL35A* (*SOS1, YDL191W*) and *RPL35B (SOS2*, *YDL136W*), which both localized on the left arm of chromosome IV. As also quite common for yeast r-protein genes ([@B70]), their coding regions are interrupted by an intron. The coding regions of these two genes are nearly identical, differing in only 3 nt out of 362, but resulting in no change in the amino acid sequences of the predicted L35A and L35B proteins. On the other hand, the two paralogous genes show no substantial sequence homology in their introns or in their 5′ and 3′-non-coding regions.

Early studies indicated that both *RPL35* genes are required for growth and normal accumulation of 60S r-subunits ([@B50]) but no further information is available on the role of L35 in ribosome biogenesis. To characterize in detail the contribution of L35 in ribosome biogenesis, we first studied the phenotypic consequences of the deletion of either the *RPL35A* or the *RPL35B* gene. As shown in [Figure 1](#F1){ref-type="fig"}A, the deletion of the *RPL35A* gene (*Δrpl35A* strain) results in a severe growth defect while the deletion of the *RPL35B* gene (*Δrpl35B* strain) has only a slight effect on the growth rate. In agreement, while the generation time in YPD for the wild-type strain grown at 30°C is 1.4 h, the *Δrpl35A* or *Δrpl35B* mutant strains have a doubling time of 3.6 h and 1.7 h, respectively. Since genome-wide expression data suggest that *RPL35A* might contribute to 56% while *RPL35B* to 44% of total *RPL35* mRNA levels ([@B71]), the functional disparity between the two deletion strains could not be totally explained by differences in mRNA expression levels. To evaluate whether the growth rate of the two deletion strains has any correlation with the L35 protein levels, we examined the polysome profiles of the deletion strains and compared them with that from an isogenic wild-type counterpart. As shown in [Figure 1](#F1){ref-type="fig"}B, both *Δrpl35A* and *Δrpl35B* strains showed a deficit of free 60S versus free 40S r-subunits, a mild decrease in 80S ribosomes and polysomes, and most importantly, an accumulation of half-mer polysomes. Clearly, the *Δrpl35B* strain led to less severe alterations of the profiles than the *Δrpl35A* one. This result suggests that the reduced growth rate of the *Δrpl35A* strain is due to a deficit of 60S r-subunits, which is much larger than the one observed for the *Δrpl35B* strain. To confirm this, we quantified total r-subunits by using run-off and low-Mg^2+^ sucrose gradients. Indeed, in the *Δrpl35A* strain we observed a 25% reduction in the overall quantity of 60S r-subunits relative to the wild-type strain whereas only a 7% reduction was detected in the *Δrpl35B* strain (data not shown). In agreement with this net deficit in 60S r-subunits, western blot analysis indicated that the L35 levels, as well as those of L1 were decreased in the *Δrpl35A* strain, whereas the levels of the small subunit r-protein S8 were not significantly affected. No evident changes were observed in the *Δrpl35B* strain ([Figure 1](#F1){ref-type="fig"}C). Figure 1.Deletion of either *RPL35A* or *RPL35B* leads to a deficit in 60S r-subunits. (**A**) Growth test of the *rpl35A* and *rpl35B* null mutants compared to their isogenic wild-type control strain. Strains RBY138 (*Δrpl35A*), RBY139 (*Δrpl35B*) and BY4741 (*Wild-type*) were grown in YPD and diluted to an OD~600~ of 0.05. A 10-fold series of dilutions was performed for each strain and 5 µl drops were plated on YPD plates. Plates were incubated at 30°C for 4 days. (**B**) The above strains were grown in YPD at 30°C and harvested at an OD~600~ of 0.8, cell extracts were prepared and 10 A~260~ of each extract were resolved in 7--50% sucrose gradients. The A~254~ was continuously measured. Sedimentation is from left to right. The peaks of free 40S and 60S r-subunits, 80S free couples/monosomes and polysomes are indicated. Half-mers are labelled by arrows. (**C**) Equivalent amounts of the cell extracts described above were subjected to western blot analysis with antibodies against the r-proteins L35, L1 and S8.

We conclude that the different growth defect observed in the *Δrpl35A* and *Δrpl35B* strains is due to the accompanying deficit in 60S r-subunits in each strain and indicates that *RPL35A* plays a more important role in the production of L35 than does *RPL35B*. Few extra copies of *RPL35B* or *RPL35A*, which were provided from centromeric plasmids, fully restored a wild-type growth rate and polysome profile to the *Δrpl35A* or *Δrpl35B* strains, respectively ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). This suggests that there is no functional distinction between the L35A and L35B proteins at least under standard laboratory conditions when cells are grown in synthetic medium.

Depletion of L35 leads to a strong 60S ribosomal subunit shortage
-----------------------------------------------------------------

To study the consequences of the L35 depletion we generated a conditional *GAL::RPL35* strain (see 'Materials and Methods' section). Growth of this strain was identical to that of the isogenic wild-type strain on YPGal plates, showing that the production of N-terminally HA-tagged L35A derived from the *GAL-RPL35A* construct ensures wild-type growth ([Figure 2](#F2){ref-type="fig"}A). As expected, only very residual growth of this strain was observed on YPD plates ([Figure 2](#F2){ref-type="fig"}A). After shifting a mid-logarithmic culture of *GAL::RPL35* from liquid YPGal medium to YPD medium, the growth rate rapidly decrease to a doubling time of \>10 h after 12 h in YPD, as compared with the 1.5--2 h for the isogenic wild-type control strain (data not shown). Western blot analysis revealed a marked reduction of L35 in the *GAL::RPL35* cells that coincided with the decrease in the growth rate in YPD medium. Interestingly, L1 is also reduced but to a lesser extent and S8 levels remained practically unaffected during the time-course of the shift ([Figure 2](#F2){ref-type="fig"}B). Figure 2.Depletion of L35 results in a deficit in 60S r-subunits. (**A**) Growth comparison of the strains BY4741 (*Wild-type*) and RBY175 (*GAL::RPL35*). The cells were grown in YPGal and streaked on YPGal (Gal) and YPD (Glc) plates, which were incubated at 30°C for 3 days. (**B**) The above strains were grown in YPGal at 30°C and shifted to YPD. Cells were harvested at the indicated times after the shift and cell extracts were prepared. Equivalent amounts of cell extracts were subjected to western blot analysis with antibodies against the r-proteins L35, L1 and S8. (**C**) 10 A~260~ of cell extract from the *GAL::RPL35* strain grown in YPGal (Gal) or shifted for 6 h (6 h Glc) or 12 h (12 h Glc) to YPD were subjected to polysome analysis in 7--50% sucrose gradients. The peaks of free 40S and 60S r-subunits, 80S free couples/monosomes and polysomes are indicated. Half-mers are labelled by arrows.

To examine the consequences of L35 depletion in ribosome biogenesis, we first analysed polysome profiles from cell extracts of the *GAL::RPL35* strain grown in YPGal or after shifting to YPD. As shown in [Figure 2](#F2){ref-type="fig"}C, this strain showed normal polysome profiles when grown in YPGal, including normal levels of free 40S and 60S r-subunit, 80S and polysomes. However, when shifted for only 6 h to YPD, it showed a clear decrease in the levels of free 60S versus free 40S r-subunits, a strong decrease in the 80S peak and polysome and the appearance of large half-mer polysomes. These features were still more pronounced upon a 12 h shift to YPD ([Figure 2](#F2){ref-type="fig"}C). Wild-type cells showed no alteration in the polysome profile when transferred to YPD (data not shown). Consistently, quantification of total r-subunits by low Mg^2+^ sucrose gradients showed that L35 depletion leads to a 40% reduction of the 60S to 40S r-subunit ratio compared to the wild-type control after 12 h of depletion (data not shown).

Altogether, these results indicate that depletion of L35 leads to a deficit in 60S r-subunits relative to 40S r-subunits.

Depletion of L35 delays rRNA processing at ITS2
-----------------------------------------------

To determine whether L35 is required for pre-rRNA processing, we analysed the effects of L35 depletion on the kinetics of rRNA production by \[[@B5],6-^3^H\]-uracil pulse-chase labelling experiments. Both the wild-type and *GAL::RPL35* strains were first transformed with an empty YCplac33 plasmid (*CEN, URA3*, see 'Materials and Methods' section) to make them prototrophic for uracil. Then, they were pre-grown in liquid SGal-Ura medium and finally shifted to liquid SD-Ura medium for 8 h. At this time point, the *GAL::RPL35* strain was doubling every *ca.* 8--9 h compared with *ca.* 2 h for the wild-type strain. The cells were pulse-labelled for 2 min, then chased for 5, 15, 30 and 60 min with a large excess of non-radioactive uracil. Total RNA was extracted from each sample and analysed by agarose and acrylamide gel electrophoresis, followed by transfer to nylon membranes and fluorography. In wild-type cells, the 35S precursor was converted rapidly into 32S and then into 27S and 20S species, which were further processed into mature 25S and 18S rRNA, respectively. After 15 min of chase, almost all label was in the mature rRNAs. In contrast, in the L35-depleted strain, synthesis of 25S and 5.8S rRNAs was inhibited relative to synthesis of 18S and 5S rRNAs ([Figure 3](#F3){ref-type="fig"}A and B). Processing of 35S pre-rRNA was delayed since the 35S pre-rRNA could be detected after the pulse and the early chase time points. Consistently, traces of the aberrant 23S species appeared ([Figure 3](#F3){ref-type="fig"}A). Processing of 27SB pre-rRNAs was also slowed since these pre-rRNAs persisted even after the 60 min of chase; as a consequence no labelled 25S and 5.8S rRNA were detected ([Figure 3](#F3){ref-type="fig"}A and B). Pulse-chase analyses were also performed with the *Δrpl35A* and *Δrpl35B* strains. These revealed that the *Δrpl35A* mutation led to similar, albeit milder, effects as those observed upon L35 depletion, while the *Δrpl35B* mutant only showed a slight delay of processing of both 35S and 27SB pre-rRNAs (data not shown). Thus, the deficit in 60S r-subunits upon mutation in or depletion of L35 is a consequence of impaired 27SB pre-rRNA processing leading to a reduced synthesis of both the mature 25S and 5.8S rRNAs. Figure 3.Depletion of L35 impairs 27S pre-rRNA processing. (**A**) Wild-type control strain BY4741 (*Wild-type*) and strain RBY175 (*GAL::RPL35*) were transformed with YCplac33 and then grown at 30°C in SGal-Ura and shifted for 8 h to SD-Ura. Cells were pulse-labelled with \[[@B5],6-3H\]uracil for 2 min followed by a chase with a large excess of unlabelled uracil for the times indicated. Total RNA was extracted and 20 000 cpm was loaded and separated on (**A**) a 1.2% agarose-6% formaldehyde gel or (**B**) a 7% polyacrylamide-8M urea, transferred to nylon membranes and visualized by fluorography. The positions of the different pre-rRNAs and mature rRNA are indicated.

Steady-state levels of pre- and mature rRNAs were also analysed by northern hybridization and primer extension. For this, total RNA was extracted from the wild-type and deletion mutants grown in YPD and during a time-course of L35 depletion. As shown in [Figure 4](#F4){ref-type="fig"}A, following deletion of *RPL35A* and L35 depletion, the 35S pre-rRNA and the aberrant 23S species accumulated while 32S, 27SA~2~ and 20S pre-rRNAs decreased. In agreement with the 27SB pre-rRNA persistence seen in pulse chase analyses, steady-state levels of 27SB pre-rRNAs accumulated, while those of 7S pre-rRNA, mature 25S rRNA and to a lesser extent 5.8S rRNA decreased. Some alterations were also detected in the accumulation of mature 18S and 5S rRNAs ([Figure 4](#F4){ref-type="fig"}A and B). The ratio between the long and short forms of mature 5.8S rRNAs was unaltered, suggesting that the alternative 27SA pre-rRNA processing pathways ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)) that generate the two 5.8S rRNA species both are impaired. To confirm this, pre-rRNA processing was also assessed by primer extension analysis using an ITS2 probe ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). As shown in [Figure 4](#F4){ref-type="fig"}C, and consistent with the northern hybridization data, a decrease in the primer extension stop at site A~2~ is seen in the *Δrpl35A* and the L35-depleted strains. The 27SA~3~ pre-rRNA, which cannot be readily detected in northern analyses, was accumulated in both the *Δrpl35A* and the L35-depleted strains, as shown by the stop at site A~3~. Moreover, as suspected, both 27SB~L~ and 27SB~S~ pre-rRNA were also accumulated upon the deletion of *RPL35A* and the depletion of L35. Finally, primer extension analysis was also performed through site C~2~, and the results showed a reduction in the levels of the 25.5S pre-rRNA (data not shown). Figure 4.Deletion of *RPL35A* and depletion of L35 affects the steady-state levels of pre-rRNA and mature rRNA species. Strains BY4741 (*Wild-type*), RBY138 (*Δrpl35A*) and RBY139 (*Δrpl35B*) were grown in YPD at 30°C and harvested. BY4741 (*Wild-type*) and RBY175 (*GAL::RPL35*) were grown in YPGal at 30°C, shifted to YPD and harvested at the indicated times. Total RNA was extracted of each sample. Equal amount of total RNA (5 µg) was subjected to northern hybridization or primer extension analysis. (**A**) Northern analysis of high-molecular-mass pre-rRNAs and mature rRNAs. (**B**) Northern analysis of low-molecular-mass pre-rRNAs and mature rRNAs. Probes, between parentheses, are described in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)A. (**C**) Primer extension analysis with probe g within ITS2 allows detection of 27SA~2~, 27SA~3~ and both 27SB pre-rRNAs. Signal intensities were measured by phosphorimager scanning; values (indicated below each lane) were normalized to those obtained for the wild-type control grown either in YPD or YPGal, arbitrarily set at 1.0.

Together, these data indicate that L35 is required for proper ITS2 pre-rRNA processing, thus, depletion of L35 strongly impairs cleavage at site C~2~. In addition, deletion of *RPL35A* and depletion of L35 delay processing at sites A~0~--A~2~ and site A~3~.

Depletion of L35 impairs export of pre-60S r-particles from the nucleus to the cytoplasm
----------------------------------------------------------------------------------------

To determine whether mutation in or depletion of L35 impairs nuclear export of pre-60S r-particles, we analysed the localization of the 60S reporter L25-eGFP ([@B62]) in the different strains used in this study. Under permissive culture conditions (SGal-Ura), L25-eGFP was, as expected for a r-protein, excluded from the vacuole and found predominantly in the cytoplasm in the *GAL::RPL35* strain. However, following a shift to non-permissive conditions (SD-Ura) for as short as 3 h, L25-eGFP accumulated in the nucleus in about 80--90% of the ca. 120 *GAL::RPL35* cells examined ([Figure 5](#F5){ref-type="fig"}A). In most cells, the fluorescence signal was restricted to the nucleolus, which was detected with the nucleolar marker Nop1-DsRed ([@B62]) (see magnification in [Figure 5](#F5){ref-type="fig"}B). This phenotype is more evident after 9 h depletion where the fluorescence signal was almost lost from the cytoplasm and prominent all over the nucleus without evident restriction to the nucleolus ([Figure 5](#F5){ref-type="fig"}A). We did not observe nuclear accumulation of the L25-eGFP reporter in the wild type control strain grown in identical conditions (data not shown). Moreover, no accumulation of nuclear fluorescence was observed upon L35 depletion when we studied the localization of the 40S r-subunit reporter S2-eGFP ([@B59]) either in galactose or in glucose medium ([Figure 5](#F5){ref-type="fig"}A). Figure 5.Depletion of L35 leads to nuclear retention of the 60S r-subunit reporter L25-eGFP. (**A**) RBY175 (*GAL::RPL35*) cells expressing either L25-eGFP or S2-eGFP were grown in SGal-Ura at 30°C, shifted to SD-Ura for up to 9 h. The GFP signal was analyzed by fluorescence microscopy. (**B**) Magnified picture of selected *GAL::RPL35* cells expressing L25-eGFP and the nucleolar marker Nop1-DsRed, which were depleted for 9 h in SD-Ura. Arrows point to nucleolar fluorescence.

Similar fluorescence microscopy analyses were also performed with the *Δrpl35A and Δrpl35B* strains. These revealed that both the L25-eGFP and the S2-eGFP reporters were found in the cytoplasm of all the strains tested. However, we observed a mild nuclear retention of the fluorescence signal of the L25-eGFP reporter in the *Δrpl35A* mutant (data not shown).

We conclude that both intra-nuclear and nucleo-cytoplasmic transport of pre-60S r-particles is impaired upon defective production of L35. These stalled pre-60S particles most likely contain, besides the stably assembled Rpl25-eGFP, 27SB pre-rRNAs, which are the most obvious pre-rRNAs that accumulated upon deletion of *RPL35A* and L35 depletion. This impairment is apparently specific as transport of pre-40S r-particles is unaffected upon depletion of L35.

L35B assembles in the nucleus
-----------------------------

Assembly of r-subunits occurs mainly in the nucle(ol)us, although few 60S r-proteins appears to stably load only with cytoplasmic pre-60S r-particles, such as L24 ([@B30],[@B45]) or preferentially with them, such as L10 or P0 ([@B38],[@B72; @B73; @B74; @B75]). No information was available on the course of the incorporation of L35 into pre-60S r-particles, although we suspect it should occur into the nucleus since several bipartite nuclear localization sequences can be predicted with the cNLS mapper programme ([@B76]).

To test whether L35 assembles in the nucleus, we made use of a fully functional L35B-eGFP ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). We first monitored the localization of L35B-eGFP in a LMB sensitive strain ([@B64]). This sensitivity is due to the presence of the T539C mutation in the exportin Crm1/Xpo1 ([@B77]). Treatment of the sensitive strain with LMB impairs export of pre-ribosomal particles and causes their accumulation in the nucleus ([@B62],[@B78]). As shown in [Figure 6](#F6){ref-type="fig"}A, the L25-eGFP, as expected for a r-protein, was primarily localized in the cytoplasm in untreated cells and, as reported ([@B62],[@B78]), was readily trapped in the nucleus after a treatment with LMB for 3 h. As also shown in [Figure 6](#F6){ref-type="fig"}A, L35B-eGFP localized similarly as L25-eGFP, indicating that it accumulated in the nucleus only after the LMB treatment. Similar nuclear accumulation was observed upon overexpression of the dominant negative *nmd3Δ100* allele ([@B78]) in cells expressing either the L25-eGFP or the L35B-eGFP reporter ([Figure 6](#F6){ref-type="fig"}B) but not upon overexpression of a wild type *NMD3* allele (data not shown). Nmd3 is the Crm1-dependent adapter for export of pre-ribosomal particles through the nuclear pores ([@B78]). The dominant negative Nmd3Δ100 protein traps pre-60S r-particles in the nucleus ([@B78]). Figure 6.L35B assembles in the nucleus as inferred upon inhibition of export of 60S pre-ribosomal particles. (**A**) Localization of L25-eGFP and L35B-eGFP in a LMB sensitive strain. Either L25-eGFP or L35B-eGFP was expressed in AJY1539 cells, which harbours the LMB sensitive *crm1 (T539C)* allele. Cells were incubated for 3 h at 30°C in the absence (-LMB) or presence of 200 ng/ml LMB (+LMB). The GFP signal was inspected by fluorescence microscopy. Arrows point to nuclear fluorescence. (**B**) Localization of L25-eGFP and L35-eGFP upon induction of a *nmd3* dominant negative allele. *Δrpl35B* cells expressing L25-eGFP or L35B-eGFP were transformed with the pRS316-*GAL-nmd3Δ100* plasmid and transformants were grown in the presence of raffinose (Raf, SRaf-Leu-Ura medium). Then, galactose was added to fully induce the Nmd3Δ100 protein. The GFP signal was inspected by fluorescence microscopy at the time indicated. Arrows point to nuclear fluorescence.

Altogether, these data strongly suggest that L35B assembles in nucle(ol)ar pre-60S r-particles.

L35 associates with earliest pre-60S ribosomal particles
--------------------------------------------------------

To address the timing of the nucle(ol)ar L35 assembly, we affinity purified L35B-eGFP containing complexes with GFP-Trap beads (see 'Materials and Methods' section) and analysed which pre-rRNA species were present in these complexes by northern blot hybridization. As shown in [Figure 7](#F7){ref-type="fig"}, and as expected for a 60S r-protein, there was a significant co-purification of mature 25S, 5.8S and 5S rRNAs with L35B-eGFP. We believe that the apparent lack of stochiometry observed for the purification efficiency of 25S versus 5.8S and 5S rRNAs is due to the use of different gel matrices for their resolution. Moreover, mature 18S rRNA was also efficiently co-purified with L35B-eGFP. This must reflect the common unspecific association of 40S with 60S r-subunits in 80S couples in Mg^2+^ containing buffers or ribosomes engaged in translation. Interestingly, purification of L35B-eGFP yielded all precursors (27S and 7S pre-rRNAs) of 25S and 5.8S ([Figure 7](#F7){ref-type="fig"}). Significantly, quantification analysis indicated that all these pre-rRNAs are enriched to similar extents in the L35B-eGFP purified samples. In clear contrast, only background levels were detected for 35S and 20S pre-rRNAs. All these results are specific since no RNAs were detected upon affinity purification from extracts of the untagged strain ([Figure 7](#F7){ref-type="fig"}). Figure 7.L35B associates with all pre-60S ribosomal particles. L35B-eGFP was affinity purified from total cellular extracts of *Δrpl35B* cells expressing L35B-eGFP with GFP-Trap®\_A beads as indicated in 'Materials and Methods' section. Wild-type cells, which express untagged L35B, serves as a negative control. RNA was extracted from the pellets obtained after purification (lanes IP) or from an amount of total extract corresponding to 1/100 of that used for purification (lanes T) and subjected to northern analysis of pre-rRNAs and mature rRNAs. Probes, between parentheses, are described in Figure S1A. Signal intensity was measured by phosphorimager scanning; values (below each IP lane) refer to as the percentage of each RNA recovered after purification.

We conclude that L35B does not noticeably associate with 90S pre-ribosomal particles but is stably assembled into very early pre-60S r-particles.

Depletion of L35 leads to cell-cycle delay at the G1 phase
----------------------------------------------------------

Recent studies indicate that the cell cycle can be impaired at different stages upon mutational inactivation or depletion of individual yeast ribosome synthesis factors and r-proteins \[e.g. see ([@B27],[@B41],[@B79; @B80; @B81])\]. To study the contribution of L35 to cell-cycle progression, we analysed the cell-cycle status and the cellular morphology of the *GAL::RPL35* and a isogenic wild-type strain under both permissive and non-permissive conditions. First, asynchronous wild-type cells were grown in YPGal medium and shifted for up to 12 h to YPD medium and then the DNA content was analysed by FACS sorting. We detected two nearly equal peaks corresponding to cells with unreplicated (1C) and duplicated genomes (2C) ([Figure 8](#F8){ref-type="fig"}A). A similar pattern was observed for the *GAL::RPL35* cells grown in YPGal medium ([Figure 8](#F8){ref-type="fig"}A). However, after a 3-h shift to YPD, the 1C peak of *GAL::RPL35* cells was slightly higher than the one of 2C. Notably, the imbalance between the 1C and 2C peak was more pronounced after a 12-h shift to YPD, which led to an increase in the 1C/2C area peak from 0.7 in YPGal to 1.4 after the 12 h-shift to YPD ([Figure 8](#F8){ref-type="fig"}A). Microscopy inspection of DAPI-stained cells from the wild-type grown either in YPGal or shifted to YPD revealed normal cellular morphology and a mixture of unbudded cells (*∼*43% from ∼120 examined cells) and cells with variably sized buds ([Figure 8](#F8){ref-type="fig"}B). Similar results were obtained for the *GAL::RPL35* cells grown in YPGal medium. However, when the *GAL::RPL35* cells were transferred to YPD medium, a progressive increase in the percentage of unbudded cells was observed, and after 12 h in YPD, about 65% cells from ca. 200 examined cells were small and unbudded ([Figure 8](#F8){ref-type="fig"}B). Similar FACS sorting and microscopy analyses were also performed with the *Δrpl35A* and *Δrpl35B* strains. These revealed similar although slighter phenotypes than those of L35 depleted cells for only the *Δrpl35A* mutant (data not shown). Figure 8.Depletion of L35 leads to a mild delay of the cell cycle at the G1 phase. (**A**) FACS analysis of unsynchronized cells from the BY4741 (*Wild-type*) or the RBY175 (*GAL::RPL35*) strains. Cells were grown in YPGal (Gal) or shifted for up to 12 h to YPD (Glc) at 30°C. 1C and 2C peaks correspond to cells with unreplicated and duplicated genomes, respectively. Numbers refers to the 1C/2C area peak ratios (**B**) Cell morphology of the wild-type and *GAL::RPL35* cells. Cells were stained with DAPI for localization of nuclei and then visualized by fluorescence and visible phase contrast microscopy. Only merged images are shown. Numbers refer to mean percentages of unbudded cells after three independent experiments.

We conclude that the G1 phase of cell cycle is mildly delayed upon decreased production of L35.

DISCUSSION
==========

In this work, we have addressed the role of yeast L35 r-protein in ribosome biogenesis. L35 is an evolutionarily conserved protein in eukaryotes; moreover, a notable sequence homology exists between the N-terminal and central sequences of L35 and the eubacterial and archaeal L29 ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). According to the X-ray crystals of 50S r-subunits, prokaryotic L29 is a globular protein made up of helical bundle domain \[([@B47]); [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)\]. The analysis of the models derived from the cryo-electron microscopy data of the yeast and dog 60S r-subunits suggests that at least the N-terminal and central parts of L35 are structurally similar to prokaryotic L29 ([@B3],[@B4],[@B47]); however, the distinct C-terminal extension of L35 can not been modelled. In addition, prokaryotic L29 and eukaryotic L35 have been mapped very close to prokaryotic L23 and L24 and eukaryotic L25 and L26, respectively, surrounding the nascent polypeptide exit tunnel (([@B3],[@B4],[@B47]); [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)). Due to this fact, L25 and L35 have been shown to be important for the contact of the ribosome with ribosome-associated enzymes, chaperones and complexes such as SRP or the Sec61/translocon ([@B48],[@B49]). Finally, the 60S r-subunit models also reveal that L35 might bind mature 5.8S rRNA at equivalent positions to those archaeal L29 interacts in mature 23S rRNA within domain I \[([@B47]); [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)\]. Accordingly, it has been demonstrated that rat liver L35 binds *in vitro* to yeast 5.8S rRNA ([@B82]).

Unfortunately, despite all this knowledge, there is almost no information available on the role of L35 or its prokaryotic L29 counterpart in ribosome biogenesis, excluding some polysome profiles obtained for the *Δrpl35A* and *Δrpl35B* strains ([@B50]). Herewith, we have analysed the consequences for ribosome biogenesis of either the deletion of *RPL35A* and *RPL35B* or the depletion of L35. Our results show that deletion of *RPL35A* leads to a severe impairment of growth while deletion of *RPL35B* has almost no effect on growth ([Figure 1](#F1){ref-type="fig"}). This situation is similar to that found for other many yeast r-proteins encoded by duplicated genes, among them L15 ([@B83]), L11 ([@B84]) and L2 ([@B85]). In agreement with the previous report ([@B50]), polysome analysis reveals a more drastic 60S r-subunit deficit for the *Δrpl35A* than for the *Δrpl35B* strain. Consistent with this, western blot analysis suggests that *RPL35A* plays a more important role in the production of L35 than *RPL35B* ([Figure 1](#F1){ref-type="fig"}). As expected, depletion of L35 leads to an even stronger deficit in 60S r-subunits ([Figure 2](#F2){ref-type="fig"}). Analysis of pre-rRNA processing by pulse-chase labeling and northern blotting analysis clearly indicates that the 60S r-subunit deficit exhibited by the *rpl35* mutants is due to a strong inhibition of processing of the 27SB pre-rRNAs, which leads to reduced formation of 7S and 25.5S pre-rRNAs and thus of mature 5.8S and 25S rRNAs, respectively ([Figures 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"} and data not shown). Pulse-chase and northern blot analysis also indicate that deletion of *RPL35A* and depletion of L35 cause a decrease in the efficiency of processing at the early cleavage sites A~0~, A~1~ and A~2~, thereby affecting the levels of mature 18S rRNA and its 20S precursor and leading to the appearance and accumulation of the aberrant 23S pre-rRNA ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). This type of defect in 18S rRNA synthesis, which has been extensively reported, is a feature of many mutants in genes encoding 60S r-subunit synthesis factors or 60S r-proteins ([@B5],[@B11],[@B41],[@B86]). Northern and primer extension analysis also show an accumulation of 27SA~3~ pre-rRNA in the *Δrpl35A* and the L35-depleted strain, however, the ratio of the mature 5.8S~L~ and 5.8S~S~ rRNAs is not altered as observed upon mutation or depletion of RNase MRP, which is the endonuclease responsible for the cleavage at site A~3~ ([@B87],[@B88]). These pre-rRNA processing defects, at least the accumulation of 27SB pre-rRNAs, closely resemble those described upon mutation in or depletion of some 60S r-subunit biogenesis factors, such as Dbp10 ([@B89]), Mak11 ([@B90]), Nip7 ([@B91]), Nog1 ([@B30]), Nop2 ([@B92]), Nop3 ([@B93]), Rlp24 ([@B30]), Spb1 ([@B94]) and Spb4 ([@B95]). The levels of 27SA~3~ pre-rRNAs were checked only upon depletion of Spb1 and Spb4 and in both cases, similarly as upon L35 depletion, there was a clear increase of this precursor, especially at early depletion time points ([@B94],[@B95]). Interestingly, depletion of r-protein L25 as well as mutations in either the L25-binding site within domain III of 25S rRNA or in L25, which abolish its association with this rRNA site also resulted in a notable inhibition of 27SB pre-rRNA processing ([@B40],[@B96],[@B97]). Peculis and co-workers have also demonstrated that formation of the so-called ITS2 proximal stem in which the 3′-end of 5.8S rRNA base-pairs with the 5′-end of 25S rRNA is a prerequisite for efficient 27SB pre-rRNA processing ([@B32],[@B98],[@B99]). All these results and observations strongly suggest that assembly of L25 and/or L35 may be required to achieve the proper structural conformation in the ITS2 region of the 27SB-preRNAs for efficient cleavage at site C~2~. Nevertheless, it is unlikely that L35, which lacks known nuclease motifs, represents the still unknown endonuclease responsible for this cleavage. Further experiments are required to identify this endonuclease and test its link with L25 and L35 and factors such as Spb4 that are required for 27SB pre-rRNA processing; one possibility is that interaction of any of these factors with 27SB pre-rRNA containing pre-60S r-particles could be dependent on previous association of L25 and L35 r-proteins. Recently, it has been proposed that 20S to 18S pre-rRNA processing by endonucleolytic cleavage at site D is promoted by a structural rearrangement of cytoplasmic 43S pre-ribosomal particles ([@B100]). This requires, in addition to the endonuclease Nob1 and the RNA helicase Prp43 ([@B100]), the participation of S3 ([@B28],[@B34]) and the C-terminal end of S14 ([@B101]) among other 40S r-proteins such as S0, S2, S10, S15, S20, S21, S26 and S28, which all are needed for efficient 20S pre-rRNA processing to mature 18S ([@B34],[@B102]). We wonder if a similar scenario would apply for the function of r-proteins L25 and L35, the C~2~-site endonuclease and the RNA helicases Spb4 and Dpb10.

In addition to pre-rRNA processing defects, very rapidly upon L35 depletion and in *Δrpl35A* cells, there is an accumulation of the L25-eGFP but not of the S2-eGFP reporter first in the nucleolus and later in the whole nucleus ([Figure 5](#F5){ref-type="fig"}). This result suggests that L25-GFP containing pre-60S r-particles are being retained in the nucle(ol)us due to impaired intra-nuclear and nucleo-cytoplasmic export. This phenotype has previously been observed in several mutants affecting 60S r-subunit biogenesis \[e.g. see ([@B103]) and references therein\], including some mutants of 60S r-protein genes ([@B38],[@B41],[@B62]). As earlier discussed ([@B103]), this phenotype is likely not the consequence of a defect in the *bona fide* export machinery but of a quality control system that retains defective pre-60S r-subunit particles. L25 has been suggested to assemble at an early stage of the 60S r-subunit maturation pathway ([@B45]), thus since the *rpl35* mutants accumulate 27SB pre-rRNAs, the L25-eGFP fluorescence signal observed at early time points of L35 depletion would mainly correspond to nucleolar, aberrant early E~2~ pre-60S r-particles. This is consistent with the fact that 27SB pre-rRNA processing at site C~2~ most likely occurs in the nucleolus ([@B23],[@B104]). Export of pre-60S r-particles requires the participation of several nuclear export receptors among them Arx1 ([@B105],[@B106]). Results of Johnson′s laboratory strongly suggest that Arx1 binds in the vicinity of L25 and L35 at the exit tunnel of late pre-60S r-particles ([@B107]). This is consistent with the fact that Arx1 is structurally related to methionine aminopeptidases, which as mentioned above, interact with translating ribosomes *via* the outside part of the nascent peptide exit tunnel ([@B48]). Therefore, some of the accumulation of L25-eGFP in the nucleoplasm, seen in the L35-depleted strain at late time points, could reflect the loss of Arx1 binding to aberrant pre-60S r-particles. Indeed, our initial experiments show that the sedimentation behavior of Arx1 is altered upon L35-depletion. Thus, in the *GAL::RPL35* strain in permissive conditions, Arx1 co-sediments with both free fractions and large complexes that could correspond to pre-60S r-particles in sucrose gradients. However, upon L35-depletion, Arx1 is largely absent from the 60S peak and is predominantly present at the top of the gradient. This suggests that Arx1 binding to pre-60S r-particles depends on the presence of L35 in these r-particles (R.B., unpublished results).

In this work, we have also addressed the course of assembly of L35. No previous information was available for the yeast L35 r-protein even in the seminal work that addressed the kinetics of stable association of most r-proteins with pre-ribosomal particles ([@B45]). However, it could be demonstrated that human L35 r-protein binds to nucle(ol)ar pre-60S r-particles in HeLa cells ([@B44]). Consistently, it has also been shown in HeLa cells that L35 is imported to the nucleus due to the presence of a NLS within the C-terminal part of the protein ([@B108]). In this study, we present several lines of evidence that yeast L35 assembly occurs in the nucle(ol)us. Thus, we show that a functional GFP-tagged L35B protein accumulates in the nucleus upon inhibition of nucleo-cytoplasmic export of pre-60S r-particles ([Figure 6](#F6){ref-type="fig"}), either by a LMB treatment or overexpression of the *nmd3Δ100* allele. We have also examined the pre- and mature rRNAs with which affinity-purified L35B-eGFP is associated ([Figure 7](#F7){ref-type="fig"}). Our results strongly suggest that L35 is not present in 90S pre-ribosomal particles and it only stably binds to early pre-60S r-particles as soon as 27SA~2~ pre-rRNA is formed. These results are consistent with the fact that only few 60S r-subunit biogenesis factors and r-proteins have been detected in TAP-purifications of components of 90S pre-ribosomal particles ([@B18]). In *E. coli*, L29, the bacterial counterpart of yeast L35, is also an early assembling r-protein ([@B109],[@B110]). Strikingly, binding of L29 to 23S rRNA *in vitro* is strongly dependent on L4, which lacks a known eukaryotic counterpart, and L23 and L24, which are the bacterial homologues of L25 and L26, respectively (Ribosomal Protein Gene Database, <http://ribosome.med.miyazaki-u.ac.jp>). As above mentioned, yeast L25 and L26 are the closest neighbours of L35 ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1)), thus, further experiments are required to determine whether *in vivo* assembly of yeast L25, L26 and L35 is interdependent. [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq260/DC1) summarizes the conclusions of this study concerning the L35 assembly in wild-type cells and the dynamics of 60S r-subunit maturation upon depletion of this 60S r-protein.

While this manuscript was finalized, Pöll *et al.* ([@B35]) reported a comparative analysis of the pre-rRNA processing and nucleo-cytoplasmic transport defects that arise upon depletion of 26 different yeast 60S r-proteins, among them L35. Consistent with our data, it was shown that depletion of L35 strongly delays 27SB pre-rRNA processing into 7S and 25.5S pre-rRNAs and inhibits export of pre-60S r-particles. Interestingly, not only L35 and the expected L25 were found to be required for 27SB pre-rRNA processing, but also L9, L19, L23, L27 and L34 ([@B35]). Understanding how all these different 60S r-proteins and L26, which was unfortunately not included in that study ([@B35]), do cooperate to promote efficient cleavage at site C~2~ clearly requires further work.

Finally, we report that L35 depletion results in small, unbudded cells that are mildly delayed in the G1 phase of the cell cycle ([Figure 8](#F8){ref-type="fig"}). In yeast, cell-cycle defects have been previously described for mutants or strains depleted of r-proteins and biogenesis factors \[see ([@B27],[@B41],[@B81]) and references therein\]. Although, an impairment of different cell-cycle stages could be observed, arrest in the G1 phase was the most common phenotype ([@B41],[@B80],[@B81]). This has been generally related to the intimate link between progression through the G1 phase of the cell cycle and active protein synthesis, which is a prerequisite for acquiring the critical cell size and mass in order to pass the Start point ([@B81],[@B111]). It has been suggested that zebrafish *RPL35*, as many other r-protein genes, acts as an haploinsufficient tumor suppressor by a yet unknown mechanism ([@B51]). Indeed, the heterozygous zebrafish line containing a loss-of-function mutation in one of the two *RPL35* alleles has the highest predisposition to cancer among the different r-protein genes analysed ([@B51]). As previously discussed ([@B17]), it seems contradictory that a reduced ribosome synthesis could lead to dysregulation of cell growth and oncogenesis; however, a delayed progression in cell cycle may increase the selective pressure for mutations to overcome the problems of a reduced ribosome production. A challenge for future studies will be to elucidate the molecular mechanisms underlying the connections between ribosome biogenesis defects and cancer development.
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